Abstract-A new multiuser detection scheme is proposed which employs the adaptive minimum mean square error (MMSE) detection in combination with the successive interference cancellation. Through the theoretical analysis and the numerical examples, it is shown that the proposed detector provides a superior performance to the existing ones in terms of the asymptotic multiuser efficiency (AME) and the bit error rate (BER).
I. INTRODUCTION
A S DIRECT-SEQUENCE code-division multiple-access (DS-CDMA) based multiple-access systems are getting popular, considerable research activities have been going on in the field of multiuser detection. Among many multiuser detectors, a simple successive interference canceller (SIC) has been reported to provide a good performance improvement over a conventional matched filter (MF) detector in a near-far situation [1] . For the weaker users, however, the asymptotic multiuser efficiency (AME) of a simple SIC is almost zero in a severe near-far situation and, therefore, the bit error rate (BER) of a simple SIC is unacceptable for the reliable communications. On the contrary, although an adaptive minimum mean square error (MMSE) detector provides much better performance than a conventional MF detector [2] - [3] , its performance for weaker users is as far from the optimum as ever in a near-far situation. Therefore, this letter proposes a new multiuser detection scheme which the authors have named adaptive SIC because it employs the adaptive MMSE detection in combination with the successive interference cancellation. Through the theoretical analysis and the numerical examples, it is shown that, in a near-far situation, the adaptive SIC provides a superior performance to a simple SIC and an adaptive MMSE detector in terms of the AME and the BER.
II. SYSTEM DESCRIPTION

A. Received Signal
Let us consider a chip and symbol synchronous DS-CDMA system with active users. Let the bit duration be equal to the processing gain times the chip duration The baseband received signal may be represented as (1) where and are the received amplitude, the transmitted information bit, and the signature waveform of the th user, respectively, and is the additive white Gaussian noise (AWGN) with the one-sided power spectral density (psd) of Without loss of generality, it is assumed that all the 's, are i.i.d. random variables with probability 0.5 of
B. Adaptive SIC
It is assumed that the signature sequences of all the users are known but the energies of the individual users are not. A block diagram in Fig. 1 shows the overall structure of the adaptive SIC which employs a separate adaptive MMSE detector for each user in combination with the successive interference cancellation. At each stage, the selector determines the strongest user by choosing the largest output of the bank of correlators, and outputs the index corresponding to the strongest user. The switch is connected to the adaptive MMSE detector corresponding to the th user. Then the output of the chip MF is applied to the adaptive MMSE detector. From the output of the MMSE detector the information bit of the th user is decoded. Concurrently with this, the transmitted signal by the th user is regenerated and subtracted from the received signal, which is the successive interference cancellation. This process is repeated until the weakest user signal is decoded.
Let be the -dimensional output vector of the chip MF which is applied to the adaptive MMSE detector for the th user, which is obtained recursively as follows: (2) where is the signature sequence of the th user, is the noise vector, and represents the cumulative noise due to the imperfect cancellation which is given by (3) where is the weight vector of the adaptive MMSE detector for the th user. From the output of the adaptive MMSE detector, the th user's transmitted information bit is 0090-6778/98$10.00 © 1998 IEEE decoded as follows: (4) where and is the signum function. At the cost of a relatively increased complexity, the adaptive SIC can overcome the shortcomings of both a simple SIC and an adaptive MMSE detector. That is, the adaptive SIC can significantly reduce the cumulative noise of a simple SIC and, also, provide the closer convergence for the adaptive MMSE detectors. These two effects benefit from each other, and cooperate to provide a significant performance improvement over a simple SIC and an adaptive MMSE detector. Especially, the closer convergence for the adaptive MMSE detectors in the adaptive SIC is important for a fine tracking and will offer an improved performance even for the weakest user in a near-far situation.
III. PERFORMANCE ANALYSIS
In the adaptive SIC, the decision variable for the th user is given by (5) where is as follows:
In (6), the first term is the multiple access interference of the uncancelled users, the second term is due to the AWGN, and the third term is due to the cumulative noise caused by imperfect cancellation. Based on the Gaussian approximation, may be approximated as a Gaussian random variable with the variance which is given by
where is the covariance matrix of the noise vector and represents the covariance matrix of which is given by (8)
A. Performance in an AWGN Channel
The th user BER of the adaptive SIC is given by (9) where is the integral of the normal density from to infinity.
Besides the BER, in multiuser detection problems, it is often more intuitive and manageable to represent the performance by means of the AME. The AME quantifies the performance loss due to the existence of other active users rather than the additive channel noise. Moreover, it is equivalent to the BER in the region of usual interest where the BER is lower than approximately
The th user AME of a detector whose th user BER is equal to is defined as follows [4] : (10) From (9) and (10), the th user AME of the adaptive SIC is given by (11) To illustrate the performance of the adaptive SIC, we consider a DS-CDMA system with ten active users. The signature sequences are selected from the set of Gold sequences with period of 31. The normalized cross-correlation matrix, between the signature sequences is shown in (12) at the bottom of the page. The received amplitude of each user is set such that 10
dB, With such a distribution of active users' received amplitude, the nearfar situation becomes more severe as the power difference between active users is increased. Since, in a near-far situation, the performance for the weakest user is generally inferior to that for any other active user, the focus is on the performance for the weakest user.
The weakest user AME of the detectors is calculated versus the power difference between active users, and presented in Fig. 2 . As the power difference is increased, the weakest user AME of a simple SIC approaches zero rapidly. However, that of the adaptive SIC is nearly independent of the power difference and also far away from zero. This implies the near-far resistance of the adaptive SIC. In addition, as the weakest user AME of the adaptive SIC is larger than that of an adaptive MMSE detector by about 0.16, the adaptive SIC will provide a better BER performance than an adaptive MMSE detector, which is evident from Fig. 3 .
The weakest user BER of the detectors is calculated versus the signal-to-background-noise ratio (SBNR) when the power difference is 1 dB, and presented in Fig. 3 . Although the BER of a simple SIC is lower than that of a conventional MF detector, it is much higher than the single user bound. The adaptive SIC, however, has the BER performance which is very close to the single user bound and, at the BER of , its gain in the SBNR is about 0.9 dB over an adaptive MMSE detector. This gain of 0.9 dB in the SBNR is equivalent to the superiority of 0.16 in the AME in Fig. 2. Although Fig. 3 is for the special case that the power difference is 1 dB, the BER (12) performance of the adaptive SIC is nearly independent of it, as it could be conjectured from Fig. 2 .
B. Performance in a Slow Rayleigh Fading Channel
It is assumed that the channel fading is slow enough for the adaptive MMSE detectors in the adaptive SIC to be able to keep track of it. The received amplitude of each user may be represented as where is the transmitted power and is the ordered fading amplitude with the probability density function (pdf) of may be obtained from the pdf of the Rayleigh distribution with unit mean square value by the order statistics [5] .
Since (9) is conditioned on the received amplitude of the th user it should be averaged over to estimate the BER under fading. The expectation of the noise variance in (7) is obtained as follows: (13) where and is the expectation of Thus, the th user BER of the adaptive SIC is obtained as follows: (14) To illustrate the performance of the adaptive SIC under fading, we consider the same DS-CDMA system as in Figs. 2  and 3 . The weakest user BER of the detectors is calculated versus the average SBNR, and presented in Fig. 4 . The BER of a simple SIC is extremely poor and unacceptable in this case. The adaptive SIC, however, has the BER performance which is very close to the single user bound and, at the BER of 10 , its gain in the average SBNR is about 1 dB over an adaptive MMSE detector.
IV. CONCLUSIONS
An adaptive SIC has been proposed for near-far resistant DS-CDMA and analyzed in terms of the AME and the BER. It has been shown that the proposed detector offers a superior performance to a simple SIC and an adaptive MMSE detector even for the weakest user. Although the proposed detector will have relatively increased complexity over a simple SIC and adaptive MMSE detectors, it seems to be quite promising in a near-far situation.
